Bacterial biofilms cause chronic diseases that are difficult to control. Since biofilm formation in space is well documented and planktonic cells become more resistant and virulent under modeled microgravity, it is important to determine the effect of this gravity condition on biofilms. Inclusion of glass microcarrier beads of appropriate dimensions and density with medium and inoculum, in vessels specially designed to permit ground-based investigations into aspects of low-shear modeled microgravity (LSMMG), facilitated these studies. Mathematical modeling of microcarrier behavior based on experimental conditions demonstrated that they satisfied the criteria for LSMMG conditions. Experimental observations confirmed that the microcarrier trajectory in the LSMMG vessel concurred with the predicted model. At 24 h, the LSMMG Escherichia coli biofilms were thicker than their normal-gravity counterparts and exhibited increased resistance to the general stressors salt and ethanol and to two antibiotics (penicillin and chloramphenicol). Biofilms of a mutant of E. coli, deficient in s , were impaired in developing LSMMG-conferred resistance to the general stressors but not to the antibiotics, indicating two separate pathways of LSMMG-conferred resistance.
Bacteria colonize diverse ecological habitats where they can exist as single free-living (planktonic) cells or as communities encased in an exopolysaccharide and/or other matrix, referred to as biofilms. It is now clear that biofilm formation is part of the normal growth cycle of most bacteria (9, 10) and that, in the biofilm phase, bacteria exhibit greater resistance to a variety of stresses; these stresses include high salt, oxidizing agents, and low pH (referred to as "general" stressors [17] ), as well as antibiotics used in treating common infections (9, 10) . Thus, diseases in which biofilms play a major role (e.g., endocarditis, cystitis, and otitis media) tend to be chronic and difficult to treat.
Bacterial biofilms can also proliferate on board spacecraft. The now decommissioned MIR space station was heavily colonized by microbial biofilms, which caused extensive corrosion and blocked its water purification system (34) . In-flight experiments have further confirmed that bacteria readily form biofilms during spaceflight (20) . A unique stress encountered in this environment is diminished gravity (termed "microgravity"). We and others have shown that planktonic bacteria become more resistant and virulent when cultivated in groundbased systems that simulate aspects of microgravity. This resistance evidently has a unique molecular and biochemical basis (15, 37) . Given these findings, we hypothesized that bacterial biofilms grown under modeled microgravity conditions may also exhibit altered characteristics.
Given the constraints on equipment and astronaut time, a thorough experimental examination of this hypothesis in space is difficult (16, 18) . For significant progress, ground-based systems for biofilm cultivation under modeled microgravity conditions are necessary. We describe here such a system, involving the use of glass microcarriers in high-aspect-ratio vessels (HARVs) (15) , and provide confirmation of its validity by mathematical analysis. Further, we discuss some of the characteristics of Escherichia coli biofilms grown under low-shear modeled microgravity (LSMMG). To our knowledge, this is the first report of ground-based studies of bacterial biofilms cultured under LSMMG.
MATERIALS AND METHODS
Mathematical modeling of microcarrier behavior in HARV system. Modeling was performed to calculate the expected microcarrier trajectory in a HARV rotating about a horizontal axis (LSMMG) and to ascertain the final location of the microcarrier under each condition. Equations used to model fluid flow, particle translation, rotation, and shear stress experienced by the bacteria cultured on the surface of microcarriers are presented in the supplemental material.
Bacterial strains. E. coli AMS6 (a K-12 derivative) and AMS150, an isogenic rpoS mutant strain deficient in s , from our laboratory collection (30) were used in the present study. For visualization by confocal microscopy, both strains were transformed with pAD123 (obtained from the Bacillus Genetic Stock Center [www.bgsc.org] [7] ), which constitutively expresses green fluorescent protein (GFP). These strains are referred to as AMS6(pAD123) and AMS150(pAD123), respectively. Luria-Bertani broth was used for all cultures; ampicillin (100 g ml Ϫ1 ) was added to cultures of strains containing pAD123. Biofilm cultivation under LSMMG and biofilm visualization. An overnight culture of the desired fluorescent strain [either AMS6(pAD123) or AMS150(pAD123)] was diluted in fresh Luria-Bertani broth (A 660 ϭ 0.1), and 5 g ml Ϫ1 sterile glass microcarrier beads (Sigma; 150 to 210 m diameter; 1.02 g/cm 3 ) were added to the diluted culture. These microcarrier beads are ideal for these investigations since they are smaller and less dense than those successfully used previously for the suspension culture of anchorage-dependent mammalian cells (12, 14, 40) . The mixture of beads, inoculum, and medium was used to fill a pair of HARVs. All bubbles were removed to eliminate turbulence in the HARV and ensure a low-shear environment. Vessels were rotated at 25 rpm either about a horizontal axis to generate LSMMG conditions or around a vertical axis, providing a normal gravity (NG) control (Fig. 1) . Both vessels were incubated at 37°C for 24 h to permit sufficient time for biofilm formation on the surface of the glass beads. Aeration was achieved through a silicon semipermeable membrane at the back of the vessel.
To visualize the biofilms, a modified embedding method was used, using quick-setting polyacrylamide (4). Approximately 2.5 ml of medium containing microcarrier beads covered in biofilm was gently drawn into a 5-ml syringe containing 2.5 ml of a quick-setting polyacrylamide solution (5 ml of 200:1 acrylamide-bisacrylamide solution, 40 l of TEMED [N,N,NЈ,NЈ-tetramethylethylenediamine], 500 l of 1% ammonium persulfate). Syringes remained attached to the HARVs while the polyacrylamide set (approximately 30 s). The solidified polyacrylamide core was removed from the syringe and cut into thin sections. Several biofilm-containing beads close to the surface of the polyacrylamide slices were visualized with a Zeiss confocal scanning laser microscope, as previously described (33) . Z-sections of several beads were collected and assembled by using Volocity3 software (Improvision, Massachusetts).
Stress tests. All stress tests were carried out on AMS6 and AMS150. Biofilms were cultured in the HARVs as described above. Stress solutions were added in separate experiments to a final concentration of 1 M NaCl, 7% ethanol, 500 g of penicillin G ml Ϫ1 , or 4 g of chloramphenicol ml Ϫ1 . A sample was gently removed (prior to and 1 h after addition of the specified stressor) and filtered to remove planktonic cells through a Millipore Swinnex-13 filter, housing an 8-mpore-size Whatman Nuclepore Track-Etch membrane. Biofilms on the beads were gently washed to ensure removal of all planktonic cells by passing 3 ml of sterile phosphate-buffered saline slowly through the membrane. Viability was determined by staining biofilms on the microcarriers with BacLight (Molecular Probes, Oregon). BacLight uses two dyes, propidium iodide and Syto9, which, due to differences in membrane integrity, stain nonviable cells red and stain viable cells green. Stained beads were examined with red and green filters by using an Olympus BX60 fluorescence microscope; the procedure permitted determination of viability of the surface layers of each biofilm and assessment of resistance differences.
Quantification of fluorescence. NIH freeware, ImageJ (available at http://rsb .info.nih.gov/ij/download.html), was used to quantify fluorescence from all experiments. Images were split into their red, green, and blue fluorescent components by using the "RGB split" function. Blue fluorescence readings were used as a control to ensure that fluorescence did not bleed through from the other channels (blue fluorescence readings were consistently 0). Integrated density readings (quantification of light emitted) of the green fluorescent images was measured and plotted to quantify biofilm formation. For viability studies that used BacLight staining, the integrated densities of both green and red fluorescence images were measured, and the percentage survival based on the mean initial number of viable cells (prestress) was calculated. P values were calculated by using the paired Student t test.
RESULTS
Mathematical modeling of microcarrier behavior in the HARV vessels. The numerical model considered a dilute distribution of microcarriers in the fluid-filled HARV since the distributed microcarrier density was calculated to be very small (10 Ϫ6 ). Given the diluteness of this mixture, interparticle interaction is assumed to be negligible, and hence the behavior of a single microcarrier was modeled. Particle trajectory for solid microcarrier beads was described by using direct numer- ical simulation techniques. Direct numerical simulation allows the description of fluid and microcarrier motion without making assumptions on the governing equations of motion describing the fluid flow and the particle trajectory. Figure 2A illustrates the calculated trajectory in the fluidfilled HARV (using experimental parameters) of a representative microcarrier whose density is lower than the density of culture medium (representative of those used in biofilm experiments presented here) and the final equilibrium point reached by these beads under LSMMG conditions. The lighter particle eventually attains an equilibrium state at the center of its spiral trajectory and thus remains suspended for long periods of time.
(Maintaining a colloidal suspension is an important feature of modeled microgravity.) The numerically predicted trajectory is in excellent agreement with the experimentally observed state ( Fig. 2B ; see Movie S1 in the supplemental material), in which the beads in the LSMMG HARV rotate in a gentle fluid orbit toward the center of the vessel where they remain suspended throughout the incubation.
Although the glass beads (without biofilms) were initially less dense than the fluid medium, we consistently observed settling of beads to the bottom of the NG HARV after 24 h of incubation. This phenomenon may be ascribed to the growth of surface-attached biofilms, which increase the apparent density of the microcarrier, making it heavier than the culture medium. Once beads reach the bottom of the HARV, no bead motion is predicted due to solid body rotation of the fluid. This behavior was consistently observed experimentally (see Movie S1 in the supplemental material). However, although the biofilm growth was denser on the LSMMG beads compared to the NG beads ( Fig. 3 and 6 ), the LSMMG beads did not migrate radially outward during the 24-h incubation period. This may be explained by numerical simulations of the motion of a heavier bead (whose density is slightly greater than that of the culture medium) in an NG and an LSMMG bioreactor. Figure  2C illustrates the calculated normalized migration distance (migration distance was scaled by particle diameter) of NG and LSMMG beads under identical culture conditions. This demonstrates that the radial migration velocity of the LSMMG bead is much less than the axial migration of a NG bead. Due to the orientation of the NG bioreactor, the bead migrates downward along the axis of the HARV and, in the time taken for a NG bead (starting from the top of the bioreactor) to reach the base of the vessel, a similar bead under LSSMG conditions migrates a much shorter distance outward (approximately only half that of its own diameter). This difference in migration time arises mainly due to the differential effect of centrifugal and gravitational buoyancy (11, 22) in the two vessels. Thus, bead suspension time is much greater in the LSMMG HARV than in the NG HARV; Movie S1 in the supplemental material, taken after 24 h of incubation, demonstrates that the LSMMG beads remain suspended close to the center of the HARV. Shear stress was calculated by using equation 14 (see Appendix S1 in the supplemental material). The maximum shear stress acting on a particle of density ( p ϭ 1.02 g/cm 3 ) under the experimental conditions described was ϳ0.02 dynes/cm 2 in the LSMMG vessel. In addition to the inwardly spiraling trajectory of a microcarrier in the LSMMG HARV as described above, the particle also rotates about its own axis. As the microcarrier rotates, so does the surface attached biofilm. The rotation rate of a microcarrier about its own axis was calculated (see equations in the supplemental material); a single orbit occurred approximately every 2.4 s (approximately equal to the rotation rate of the HARV).
E. coli forms more copious biofilms under LSMMG conditions. AMS6(pAD123) biofilms were cultured on beads for 24 h in NG and LSMMG, embedded in quick-setting polyacrylamide, and visualized by confocal microscopy (as described in Materials and Methods). The resulting series of Z-sections were assembled to provide a three-dimensional image of biofilm coverage on the upper hemisphere of the glass beads. Consistently, the LSMMG biofilms were denser than the NG biofilms, as indicated by visualization of the bead surfaces and fluorescence quantification (Fig. 3) . LSMMG-grown biofilms exhibit enhanced resistance. We and others have previously shown that LSMMG-grown planktonic cells exhibit enhanced resistance to a variety of stresses compared to their NG-grown counterparts (15, 23) . To determine the effect of LSMMG on biofilm resistance, four separate stressors were investigated. Two of these were general stressors (NaCl and ethanol), and two were antibiotics with different modes of action (penicillin G, which inhibits peptidoglycan cross-linking, and chloramphenicol, which inhibits translation). Biofilms were grown in NG and LSMMG, exposed to each stress in situ for 1 h, stained by BacLight, and visualized. NG biofilms of AMS6 exposed to each of the above stresses exhibited mostly nonviable biomass (Fig. 4A and B and 5A) . LSMMG biofilms exposed to the same stresses, in contrast, were predominantly viable (Fig. 4A and B and 5A ). These observations were confirmed by quantification of the red and green fluorescence from multiple experiments as described in Materials and Methods (Fig. 4C and 5B). Thus, cultivation under LSMMG enhanced E. coli biofilm resistance to each of the general stressors and antibiotics tested.
Role of s .
s plays a role in ground-based biofilm formation on Earth (1) and in the LSMMG-conferred increased resistance of stationary-phase planktonic cells to general stressors (15) . We therefore investigated the effect of the loss of this sigma factor on biofilms formed under the two gravity conditions. Biofilms of the s -deficient strain [AMS150(pAD123), constitutively expressing GFP] were consistently less dense under both NG and LSMMG conditions (Fig. 6) , than those of the wild type (Fig. 3) . However, biofilms formed by this strain under LSMMG remained more copious compared to NGgrown counterparts and exhibited the same extent of increased biofilm coverage as the wild-type LSMMG biofilm over NG (17 integrated density units; Fig. 3B and 6B) . Thus, while s deficiency impaired biofilm formation under both gravity conditions, it did not affect the stimulating influence of LSMMG on this phenomenon. It should be noted that AMS150 has the same growth rate as the isogenic wild-type strain (19) .
Exposure of AMS150 biofilms cultured under NG or LSMMG conditions to either 1 M NaCl or 7% ethanol demonstrated a clear role for s in increased general resistance of the LSMMG biofilms. Unlike the wild-type biofilms, those of the rpoS mutant failed to exhibit increased LSMMG-conferred resistance to these stresses (Fig. 7) . However, the loss of s did not affect LSMMG-conferred increased resistance to penicillin G or chloramphenicol. Beads containing the LSMMG-grown The percent survival was calculated on integrated density measurements of both red and green fluorescence under each condition. Significant differences in viability (P Ͻ 0.017 and P Ͻ 0.000 for NaCl and ethanol challenges, respectively) were seen. The results are representative of at least 10 beads from two independent experiments.
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biofilms of AMS150 exhibited mostly viable biomass after exposure to these antibiotics (Fig. 7) , resembling the LSMMGgrown wild type in this respect (Fig. 5) . The NG-grown biofilms of this mutant strain, like the wild type, were predominantly nonviable after these treatments (Fig. 4, 5 , and 7).
DISCUSSION
Bacterial biofilms can pose serious health threats and have been shown to be significantly more resistant to antimicrobial and other stresses compared to planktonic cultures of the same organism (28, 29) . Since it has been established that LSMMG makes planktonic bacteria more resistant and virulent (15, 23) , it is important, for the safety of astronauts, to determine the effect of this environment on bacterial biofilms. In-flight experimentation in a microgravity environment is limited by technical difficulties and constraints on equipment availability and astronaut time. Thus, for a thorough investigation of the influence of aspects of this environment on microbial biofilms, ground-based systems are required for their cultivation under LSMMG.
HARVs, designed at the Johnson Space Center (Houston, Tex.), provide a model system for examining the effects of LSMMG in ground-based investigations (38, 39) . In the horizontally rotated HARV, spherical objects of appropriate size and weight reach a steady-state terminal velocity at which the gravitational force is mitigated by equal and opposite hydrodynamic vectors, which include shear, centrifugal, and Coriolis forces. Studies with these systems have concentrated predominantly on planktonic cultures of E. coli, Salmonella enterica serovar Typhimurium, and Pseudomonas aeruginosa (8, 15, 23) . The altered physiology of these bacteria when cultured under HARV LSMMG has correlated, by and large, with information from in-flight experiments, making HARVs a preferred system for ground-based investigations into the effect of aspects of microgravity on bacteria. However, while anchoragedependent mammalian tissues have successfully been cultured using appropriate microcarriers for suspension culture in the ) and chloramphenicol (4 g ml Ϫ1 ), respectively. Pretreatment biofilms (image not shown) were predominantly viable for both cultures (similar to that shown in Fig. 5). (B) The percent survival was calculated on integrated density measurements of both red and green fluorescence under each condition. LSMMG biofilms were significantly more viable (P Ͻ 0.000 and P Ͻ 0.001 for penicillin and chloramphenicol challenges, respectively) than NG biofilms. The results are representative of at least 10 beads from two independent experiments.
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HARV system (12, 14, 40) , this approach has not, to our knowledge, been used to cultivate microbial biofilms. The primary obstacle has been providing bacteria with a surface for biofilm formation that could be maintained under LSMMG.
To overcome this, we included sterile glass microcarriers of appropriate size and density with bacterial inoculum and medium in the HARV system. Microcarrier trajectory is dependent on its density and size, the density and viscosity of the culture medium, the rotational speed of the HARVs, the number of microcarriers used, and the bacterial inoculum (24, 27) . The numerical model described here was based on the experimental parameters used. Calculations predicted that microcarriers in the LSMMG vessel should migrate toward a location near the center of the vessel. This was observed experimentally (see Movie S1 in the supplemental material). Further, the shear forces experienced by the microcarrier and its associated biofilm under experimental conditions were calculated and found to represent a very low shear force (0.02 dynes/cm 2 ). Suspension of the microcarrier and its surface-attached biofilm in the LSMMG vessel was maintained by balancing gravity-induced sedimentation with centrifugation (caused by the vessel rotation and fluid drag). The results of mathematical modeling based on the experimental conditions presented here imply that bacterial biofilms attached to microcarriers in the horizontally rotated HARV remain suspended in the fluid and experience very low shear, resembling aspects of a microgravity environment. However, to successfully simulate aspects of microgravity, it is necessary that all of the following criteria be met: (i) microcarriers must be inert, and the shape of the microcarrier must be such as to minimize adverse flow effects; (ii) mass transport of nutrients and oxygen must be adequate; (iii) shear at the microcarrier/biofilm surface must be very low; (iv) microcarrier spin about its own axis must be calculated to assess the extent of gravitational vector neutralization due to rotation in the plane of gravity; and (v) collisions of microcarriers with each other and the vessel must be minimized (5) . The microcarriers used in these experiments are inert glass beads and minimize adverse flow effects due to their spherical shape, satisfying criterion i. Studies of mass transport of nutrients and oxygen in fluid-filled HARVs show that these processes occur efficiently under low-shear conditions in such vessels (2, 13, 32, 35) , satisfying criterion ii. Calculation of shear forces based on experimental parameters confirmed that low shear conditions (calculated at 0.02 dyne) existed within the model system (criterion iii). Numerical modeling satisfied criterion iv, and the dilute nature of the microcarrier particle density distribution in the experimental system (calculated at 10 Ϫ6 ) predicts a low probability of collision between beads or the wall of the vessel, satisfying criterion v. We thus conclude that the model system The respective percent survival of AMS150 grown under the same conditions and exposed to the same stresses as outlined above was calculated based on integrated density measurements of both red and green fluorescence under each condition. The results are representative of at least 10 beads from two independent experiments. The P values for poststress viability are as follows: 1 M NaCl, P Ͻ 0.027; 7% ethanol, P Ͻ 0.085; 500 g of penicillin ml
Ϫ1
, P Ͻ 0.000; 4 g of chloramphenicol ml Ϫ1 , P Ͻ 0.001.
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described here does provide conditions for cultivating bacterial biofilms under LSMMG conditions. Beads in the LSMMG HARVs showed greater biofilm coverage than those incubated in the NG HARVs. Since beads in the latter sedimented, it could be argued that the relatively less coverage seen under NG conditions was due to a dearth of oxygen experienced by the sedimented biofilms. However, the HARV membrane has a large surface area (78.54 cm 2 ) and high oxygen permeability (5.2 ϫ 10 Ϫ4 ml cm Ϫ2 s Ϫ1 ) and the vessel itself is narrow (width, 0.637 cm). Thus, the oxygen permeability rate in the HARV is likely to be as high as 0.041 ml s Ϫ1 (obtained by multiplying the oxygen permeability by the membrane area). At 1 atm pressure at 37°C, this corresponds to an availability of 1.6 ϫ 10 Ϫ6 mol-O 2 s Ϫ1 . E. coli typically consumes up to 15 mmol g Ϫ1 h Ϫ1 of oxygen (3). Thus, the HARV culture with 6 ϫ 10 10 total cells (or 0.06 g of cells, based on the maximal A 660 readings we observed) can maximally consume 2.5 ϫ 10 Ϫ7 mol-O 2 s Ϫ1 , which is ϳ6-fold less than the O 2 availability rate, indicating the presence of sufficient oxygen throughout the HARV. Further, since aeration is through the membrane at the bottom of the HARV, the sedimented biofilms, if anything, will have more and not less oxygen available.
Another possibility is that the sedimented beads in the NG vessel, having attached to the membrane, may have been torn by the centrifugal forces, resulting in the disruption of the biofilm integrity. However, the HARVs were rotated at 25 rpm, generating a maximum centrifugal bead acceleration of 34.27 cm s Ϫ2 (at a maximum possible radial position of 5 cm), which is just 3.5% of the acceleration due to gravity. Furthermore, had the biofilms formed on the membrane and torn away from it or the beads during harvesting, they would have been seen on the 8-m-pore-size filter after separation from the planktonic cells; there was no evidence of this. Taken together, these considerations indicate that the increased coverage of beads in the LSMMG HARV was due to their exposure to this shear and gravity condition.
Burkholderia cepacia biofilms formed on the space shuttle Atlantis had up to twofold higher viable counts compared to the controls on Earth (26) . Thus, the biofilms formed under LSMMG in our system duplicated an aspect of actual microgravity biofilms, further indicating the suitability of our system for ground-based studies of biofilm biology in microgravity.
The comparative examination of NG and LSMMG biofilm resistance reported here demonstrates that LSMMG biofilms were resistant to concentrations of NaCl and ethanol that killed biofilms formed in the control (NG) vessels. These results, taken together with previous reports on enhanced resistance of planktonic LSMMG cultures (15) , suggest that increased resistance to general stressors is a common characteristic of E. coli cultures in LSMMG regardless of their mode of growth. In addition, LSMMG also enhanced biofilm resistance to two antibiotics commonly used in treating infectious disease. It is noteworthy that each of these four stresses has a different mode of bacterial cell damage. High salt causes dehydration, ethanol disrupts the cell membrane, penicillin inhibits peptidoglycan synthesis, and chloramphenicol inhibits the synthesis of proteins. Thus, the changes induced by LSMMG in E. coli biofilms appear to have a blanket protective effect. It remains to be determined whether this effect is due to low shear, negation of microcarrier sedimentation, or a combination of both of these HARV characteristics. Regardless, these results highlight the potential increased threat that bacterial biofilms may pose during space exploration.
To gain insight into this comprehensive resistance mechanism, we examined the effect of loss of s on E. coli biofilms grown under the LSMMG conditions; conventional Earthbased biofilms of strains carrying a mutation in this sigma factor exhibit altered characteristics (6, 25) . E. coli AMS150, devoid of s , formed less copious biofilms not only under NG, as expected, but also under LSMMG, indicating a role for this sigma factor also under the latter conditions. However, AMS150 biofilms cultured under LSMMG consistently displayed greater coverage of the microcarrier beads, suggesting that this environment has a stimulatory effect on biofilm formation independent of s . Under LSMMG, the mutant biofilm, unlike the wild-type biofilm, failed to induce increased resistance to general stressors, suggesting a role for s in general stress response of E. coli biofilms in this environment.
s plays a role also in LSMMG-conferred resistance of stationary-phase planktonic cells to general stresses, although not in that exhibited by exponential-phase planktonic cells (15) , suggesting a degree of similarity in the response of stationary-phase planktonic and biofilm cultures in LSMMG. This is consistent with recent reports that although biofilm state and planktonic growth represent different physiologies, the two have a greater similarity to each other than to planktonic exponential-phase cells (9, 31, 36) . Interestingly, the loss of s did not affect LSMMG-conferred increased resistance to the two antibiotics tested. Previously McLeod and Spector (21) demonstrated that starvation-and stationary-phase-associated polymyxin B resistance was independent of rpoS in S. enterica serovar Typhimurium. It appears that rpoS-independent antibiotic resistance exists also in E. coli biofilms cultured under LSMMG.
In addition to their pathogenic capacity, bacterial biofilms also have beneficial uses, for example, in microbe-based regenerative systems for wastewater treatment. These systems represent a viable alternative to physical and chemical methods in use today on the International Space Station. Thus, an inves
